there is evidence that this may have occurred about The subfamily of fishes Trematominae is endemic to 12-14 million years ago (MYA) (Eastman, 1993 ; the subzero waters of Antarctica and is part of the Bargelloni et al., 1994).
INTRODUCTION in concert may have decreased competition by other Many fishes of the Perciform suborder Nototheni-fishes and hence have allowed notothenioids to diveroidei are endemic to the waters surrounding Antarctica sify (see Clarke, 1983; Clarke and Crame, 1989; East-(Andriashev, 1965 . The notothenioids have radi-man and Grande, 1989) . There is evidence that the ated and possess a variety of unique characters distin-notothenioids, which lack a swim bladder, evolved guishing them from most other teleost fishes, such as from a benthic ancestor (Andersen, 1984 ; Balushkin, antifreeze glycopeptides and the loss of hemoglobin in 1984). some species (Kock, 1992; Eastman, 1993; Miller, In the complete absence of a fossil record this specia-1993). It has long been hypothesized that the Antarctic tion scenario is difficult to test. Harwood (1991) sugfauna evolved in situ as the continent cooled and froze gested that a partial deglaciation around 2.5-4.8 MYA, (Regan, 1914; DeWitt, 1971; Anderson, 1990) , and and the resultant opening of shallow water habitats (including fjords), promoted diversification of various Antarctic biotas. The trematomids are high Antarctic fishes and might have radiated during the period of de- Eastman, 1993) .
b Taxa not represented in this study.
FIG. 1.
Map of Antarctica, also showing the Antarctic Convergence, which delineates the Southern Ocean (redrawn from Macdonald et al., 1987) . The gray areas indicate the permanent ice shelves in the Ross Sea and the Weddell Sea. Samples for this study were collected in McMurdo Sound and off the coast of the Antarctic Penin-
MATERIALS AND METHODS

sula.
The trematomids comprise two genera, Trematomus (with 11 species) and Pagothenia (with 2 species), based was pelleted in a microfuge, dried, and resuspended in on the classification in DeWitt et al. (1990) (Table 1). 200 µl of distilled H 2 O. The polymerase chain reaction MtDNA sequences from the 12S and 16S ribosomal (PCR) (Saiki et al., 1988) was used to amplify two seg-RNA (rRNA) genes were determined for 10 taxa from ments from the 12S and 16S rRNA genes using univerthe subfamily Trematominae (Table 1) . Three tremasal PCR primers: 12SA, 5′-AAAAAGCTTCAAACTGGG tomid taxa were not represented in this study: Pago-ATTAGATACCCCACTAT-3′; 12SB, 5′-TGACTGCAGA thenia brachysoma, Trematomus tokarevi, and T. vi-GGGTGACGGGGCGGTGTGT-3′; 16SA, 5′-CGCCTGT carius. MtDNA sequences for taxa from the family No-TTATCAAAACAT-3′; 16SB, 5′-CCGGTCTGAACTCAG totheniidae, Notothenia coriiceps, Gobionotothen gib-ATCACGT-3′ (Kocher et al., 1989; Palumbi et al., 1991) . berifrons, and Dissostichus mawsoni, have been pubDouble-stranded amplifications were performed in 50-lished previously (Bargelloni et al., 1994) and were µl volumes containing 10 mM Tris (pH 8.3), 100 mM included in this study as outgroups. Specimens were KCl, 2.5 mM MgCl 2 , 1 mM of each dNTP, 1 µM of each collected from McMurdo Sound, Terra Nova Bay, and primer, 10-1000 ng of genomic DNA, and 1 unit of Taq near the Antarctic Peninsula ( Fig. 1) Sambrook et al. (1989) . Each umns (Costar: Spin-X), followed by phenol extraction and ethanol precipitation. Sequencing reactions were tissue was dissolved in 500 µl of extraction buffer (0.01 M Tris-HCl, pH 8.0, 0.05 M NaCl, 0.01 M EDTA, 2% carried out in 20-µl volumes using a DyeDeoxy terminator sequencing kit (Applied Biosystems). Cycle se-SDS) containing proteinase K and incubated at 55°C overnight. The digested tissue was purified by standard quencing reactions were carried out in a Perkin-Elmer thermal cycler at 96°C/30 s, 50°C/15 s, and 65°C/4 min methods of phenol-chloroform extraction. Nucleic acids were then precipitated with 2.5 vol of 100% etha-for 25 cycles. Removal of excess DyeDeoxy terminators from the reaction mix was achieved by two phenolnol followed by a 70% ethanol wash. The precipatant chloroform extractions and an ethanol/NaOAc precipi-of Bargelloni et al. (1994) in GenBank under Accession Nos. Z32702-Z32739 and Z32747-Z32748. Of the total tation followed by a 80% ethanol wash. The precipitate was dried down in a concentrator (Savant Speedivac) 918 sites included in the analysis, 121 (13.2%) are variable and 47 (5.1%) are phylogenetically informative and resuspended in 5 µl of formamide/50 mM EDTA (pH 8.0). Samples were denatured at 90°C, transferred (Fig. 2) . Across both the 12S and 16S data sets, no nucleotide composition bias was seen. On average (includto ice, immediately loaded on an Applied Biosystems 373A automated sequencer, and run following the in-ing outgroup taxa) the base composition was A, 28.3%; T, 23.3%; C, 24.4%; and G, 24.1%. More variation was structions of the manufacturer. All templates were sequenced completely in both directions; 374 bp of the observed in the 16S data set (76 of the 544 bp were variable, 13.97%) than in the 12S data set (41 of the 12S gene and 544 bp of the 16S gene were determined. The orthologous DNA sequences were aligned with the 374 bp were variable, 10.96%) and only one indel was found (position 376-378 in the 16S data set). Overall, Genetics Computer Group Sequence Analysis Software Package (version 7.3.1-UNIX, Wisconsin, 1993) on a the level of variation was low; in no case do any species share haplotypes. The matrix of observed differences is Silicon Graphics 4D/30 workstation.
shown in Table 2 . The differences among members of Phylogenetic Analyses the ingroup, when both transitions and transversions In this study parsimony, maximum-likelihood, and were considered, ranged from 5 to 36 (0.5%-3.9%). neighbor-joining methods were employed in the phylo-When only transversions were considered, the substigenetic analysis; these have all been shown to be simi-tutional differences ranged from as low as 0 to 18 (0-lar in accuracy (Hillis et al., 1994) . Phylogenetic analy-2.0%). There is approximately 4.4% sequence diverses were performed using maximum parsimony (MP) gence from the outgroup taxa N. coriiceps, G. gibberiimplemented in PAUP (Swofford, 1993) , using the heu-frons, and D. mawsoni to the trematomids. The tremaristic search procedure, with 100 random replicates. tomids differed by as much as 15.2% sequence The robustness of the phylogeny was assessed with divergence from the most basal of the notothenioids, bootstrap analyses of 500 replicates (Felsenstein, the bovichtids, Bovichthus variegatus (Bargelloni et al., 1985) . Several different character weighting schemes 1994). Figure 3 shows the plot of transitions (ts) versus were introduced since weighted parsimony can perform transversions (tv) for within the ingroup and between better (Hillis et al., 1994) . Analyses were done consider-the ingroup and outgroup, with a best-fit line. The overing: (1) transitions and transversions equally; (2) a pri-all ratio of ts to tv, the slope of the best-fit line, is 1.72 ori weighting of transversions and transitions (tv:ts) (i.e., 1.72 transitions to every 1 transversion). Transi-2: 1 according to the observed ratio between the ingroup tions have not reached saturation, either within the inand outgroup and within the ingroup (ratio ϭ 1.72, Fig. group or between the ingroup and the outgroup (Fig.  3) ; (3) additional tv: ts ratios of 3:1, 5: 1 and 10 :1; 3). (4) transversions only. Also a successive-approximation
The sequences from this study were aligned with the approach to weighting of characters was performed ac-complete sequences of the 12S rRNA of the cow (Gutell cording to their ''cladistic reliability '' (Farris, 1969; Wil-et al., 1985) and 16S rRNA of Xenopus (Gutell and Fox, liams and Fitch, 1989) . Reweighting was based on both 1988), for which the secondary structure of these genes the mean rescaled and the consistency index of the is known. These reference sequences were used as modmost parsimonious tree found in parsimony analyses els for the folding structure of the rRNAs and putative and a base weight of 1000. Neighbor-joining analyses loops and stems were identified for the nototheniids. (NJ) (Saitou and Nei, 1987) were performed with More variation, in terms of both substitutions and in-MEGA (Kumar et al., 1993) and 500 bootstrap repli-dels, is often observed in loops. A slight increase in varicates were used to assess the confidence in the phyloge-ation is observed within the putative loops compared netic estimate. Different methods that accounted for with the stem regions of the nototheniids (including the multiple substitutions were used to estimate evolution-only recorded indel, position 376-378 in the 16S data ary distances: Jukes-Cantor (Jukes and Cantor, 1969) , set). Kimura's two-parameter model (Kimura, 1980) , and Phylogenetic Analysis Tamura-Nei's method (Tamura, 1992) . In addition, a maximum-likelihood (ML) analysis was conducted usBoth maximum parsimony (Fig. 4) and maximuming PHYLIP: DNAML version 3.4.1. (Felsenstein, 1991) likelihood (Fig. 5 ) methods recovered trees with similar using default parameters (tv:ts ratio of 2).
topologies, although the MP tree had two polytomies. Neighbor-joining (Fig. 6) showed agreement with these RESULTS topologies apart from the phylogenetic position of T. newnesi, which was placed not as a sister group to the Sequence Analysis other trematomids (as in MP and ML) but as a deep clade within them. Both T. bernacchii and T. newnesi DNA sequences from this study are deposited in GenBank under Accession Nos. U27520-U27529 and those have longer branch lengths than any other ingroup taxon. Different weighting schemes employed in the MP analysis recovered essentially the same topologies, apart from the analysis using transversions only, which had many polytomies. Furthermore, the successive-approximation approach to the weighting of characters recovered a tree of the same topology as that of the unweighted MP tree in Fig. 4. A measure of the phylogenetic signal within these data can be estimated by the skewness of tree-length distributions, when generating 1000 random trees (Hillis and Huelsenbeck, 1992) . This data set had a g 1 ϭ Ϫ1.822 (P Ͻ 0.01), a highly significant skew, or deviation, from what would be expected from random phylogenetic noise (Fig. 7) . radiation. Unfortunately, the morphological and karyois 1.72, which was used to weight transversions more than transitions ( y ϭ 1.72x ϩ 2.14; r 2 ϭ 0.558).
logical characters of this group have not proved to be fully reliable in resolving their interspecific relationships (Ekua, 1990; Morescalchi et al., 1992; Ritchie, 1993; Eastman, 1993; Klingenberg and Ekua, 1996) . In addition, there is disagreement among several authors over the composition and taxonomic arrangement of the trematomids (Andersen and Hureau, 1979; Balushkin, 1982 Balushkin, , 1984 Balushkin, , 1992 Andersen, 1984; and Dewitt et al., 1990) . MtDNA data can, in most cases, be extremely powerful for resolving species-level phylogenies Avise, 1994) . These mtDNA sequence data provide evidence that the trematomids are a recent radiation; there are low amounts of variation, particularly in the loops of the rRNA secondary structure. Bootstrap values varied between 100 and 41%; the low values can be attributed to the small number of phylogenetically informative sites. Consequently, the number of transversions is small in several species and an analysis based only on transversions did not resolve every clade. The most conservative phylogeny for the trematomids is that found in Fig. 4 , which is essentially the same as the ML tree (Fig. 5) . The ML and NJ trees differ on the placement of P. borchgrevinki, whereas the MP tree ( 
The Classification of Trematomid Fishes bers on the branches indicate the percentage of trees in the bootstrap
The genus Pagothenia was originally erected by analysis that shared that topology. These fishes have been redrawn Nichols and Lamonte (1936) and contained a single spe- cies P. brachysoma (a synonym to Notothenia antarctica). DeWitt (1962) suggested that T. borchgrevinki should also be moved into the genus Pagothenia and reported that T. bernacchii and T. hansoni showed certain similarities to Pagothenia. However, it was Andriashev and Jakubowski (1971) who eventually classified T. borchgrevinki in the genus Pagothenia. The genus Pagothenia, consisting of the two cyropelagic species (P. brachysoma and P. borchgrevinki), has been generally accepted (Andersen and Hureau, 1979; Andersen, 1984; Balushkin, 1984; DeWitt et al., 1990) . The move of T. hansoni, T. bernacchii, and T. tokarevi to Pagothenia by Andersen (1984) was controversial. The MP tree recovered from the two ribosomal genes surveyed here does not support Andersen's arrangement of the trematomids, as mentioned above. On the MP tree T. bernacchii, T. hansoni, and T. pennellii are closely related, forming a monophyletic group, and P. borchgrevinki is a separate clade. Furthermore, T. hansoni and T. bernacchii differ by a large amount of sequence divergence, 1.9 and 3.1%, respectively, from P. borchgrevinki.
Based on these mtDNA data, P. borchgrevinki is surely part of the trematomid radiation but has evolved a unique cyropelagic existence. Many of the differences between Trematomus species and P. borchgrevinki Eastman and DeVries (1985) . for newnesi, the type specimen of the genus. This generic isolation of T. newnesi was based on the degree of ossification of the primary pectoral girdle, the size and position of the scapular foramen, the shape of the lower edge of the coracoid, and the degree of development of the postcoracoidial. Further evidence for the uniqueness of T. newnesi can be found in hemoglobin components. T. newnesi is the only notothenioid that possesses a second major hemoglobin type, Hb C (di Prisco et al., 1991) . Based on the position of T. newnesi in the present phylogeny, Balushkin's (1992) generic isolation of this species seems supported. However, a phylogenetic analysis of morphological data does not show T. newnesi as a sister taxon to the other trematomids but rather as a part of the radiation itself   FIG. 7 . The distribution of 1000 random trees from the 12S and (Klingenberg and Ekua, 1996; Ritchie, 1993) .
16S rRNA sequences ( g1 ϭ Ϫ1.822, P Ͻ 0.01).
The Origin and Diversification of the
Trematomid Radiation grevinki to other Trematomus species is the small genetic distance between these genera (based on 30
Various environmental conditions are supposed to be responsible for speciation events within lineages. Maprotein-coding loci, Roger's D ϭ 0.483), which falls within the range of the intrageneric distances (D ϭ jor climatic changes separated by several million years could account for many speciation events (Vrba, 1993). 0.266-0.508) of the surveyed trematomids (McDonald et al., 1992) . This molecular phylogeny would suggest Because habitat limitations could have been important in the evolution of notothenioids, the opening of a discarding the genus Pagothenia; this is beyond the scope of a single molecular data set especially in view of coastal environment due to a period of deglaciation could have been the appropriate condition for speciathe morphological basis of this genus (Andriashev and Jakubowski, 1971) . tion in high Antarctic fishes, such as the trematomids. Further, evidence of a speciation pulse in the trema-T. scotti does not appear as part of the main trematomid radiation (Figs. 4-6 ). This is a trematomid spe-tomids at approximately the same time as the deglaciation should be expected. This information can be obcies with unusual opercular bones and a distinctive sexual dimorphism, which is unique among the noto-tained from divergence dates if an accurate calibration of the notothenioid clock is available. thenioids (DeWitt et al., 1990) and could be given separate generic status. Even though T. scotti is most basal Since there is no fossil record for notothenioids, an absolute calibration of divergence times for molecular on these phylogenies, in terms of percentage sequence divergence T. scotti is not as distant as T. new-data is elusive. Recently studies contend that thermal habit, generation time, and metobolic rates are among nesi from all other trematomids (Table 2) . Balushkin (1982) Rand, 1994) . As noted in Bargelloni et al. (1994) , the grants to D.M.L. and J.A.M. from the Auckland University Research rate of the molecular clock may be significantly slower Committee, by grants (BSR-9119867 and BSR-9107838) from the in the notothenioids than in other vertebrates since the U.S. National Science Foundation to A.M., and from the Programma body temperature of many notothenioids is below the Nazionale di Richerhe in Antartide to L.B. freezing point. A further complication is that notothenioids may exhibit metabolic cold adaptation (MCA), al-REFERENCES though evidence for this is controversial (Macdonald et al., 1987) . MCA is the elevation of metabolic rate to Andersen, J. B. (1991) . The Antarctic continental shelf: Results from a higher level than predicted when extrapolated from marine geological and geophysical investigations. In ''The Geology temperate fish at subzero temperatures. As more physof Antarctica'' (R. J. Tingey, Ed.), pp. 285-334, Oxford Univ. Press, Oxford.
iological and molecular data accumulate for the trematomids a more accurate estimate of the rate of molecu- Andersen, N. C. (1984) . Genera and subfamilies of the family Nototheniidae (Pisces, Perciformes) from the Antarctic and Subantarclar evolution can be obtained. therms (Caconne et al., 1994) . Since the average per- Anderson, M. E. (1990) . The origin and evolution of the Antarctic centage sequence divergence (using transversions only) dence that this is the primitive condition. The cyropela-9-10, 2. DVNTs SSSR, Vladivostok (in Russian). gic existence of P. borchgrevinki and pelagic habits of T. Balushkin, A. V. (1984) . ''Morphological bases of the systematics and newnesi are unique on the phylogeny. More interesting, phylogeny of the nototheniid fishes,'' Acad. Sci. USSR, Zool. Inst. the benthic forms, T. bernacchii, T. hansoni, and T. Leningrad. pennellii, are monophyletic, as are the epibenthic forms Balushkin, A. V. (1992) . Classification, phylogenetic relationships, T. loennbergi, T. lepidorhinus, and T. eulepidotus. share many characters means either a recent radiation Caconne, A., Milinkovitch, M. C., Sborboni, V., and Powell, J. R. or a slow-evolving species rather than sets of conver- (1994 
